Sprouty (Spry) proteins are ligand-inducible inhibitors of receptor tyrosine kinases-dependent signaling pathways, which control various biological processes, including proliferation, differentiation and survival. Here, we investigated the regulation and the role of Spry2 in cells of the central nervous system (CNS). In primary cultures of immature neurons, the neurotrophic factor BDNF (brain-derived neurotrophic factor) regulates spry2 expression. We identified the transcription factors CREB and SP1 as important regulators of the BDNF activation of the spry2 promoter. In immature neurons, we show that overexpression of wildtype Spry2 blocks neurite formation and neurofilament light chain expression, whereas inhibition of Spry2 by a dominantnegative mutant or small interfering RNA favors sprouting of multiple neurites. In mature neurons that exhibit an extensive neurite network, spry2 expression is sustained by BDNF and is downregulated during neuronal apoptosis. Interestingly, in these differentiated neurons, overexpression of Spry2 induces neuronal cell death, whereas its inhibition favors neuronal survival. Together, our results imply that Spry2 is involved in the development of the CNS by inhibiting both neuronal differentiation and survival through a negative-feedback loop that downregulates neurotrophic factors-driven signaling pathways.
The neurotrophin BDNF (brain-derived neurotrophic factor) is widely expressed in the mammalian central nervous system (CNS) and plays a key role in its development and homeostasis. 1 At the cellular level, BDNF induces neuronal differentiation and neurite outgrowth, 2 facilitates plasticity, 3 and favors neuronal survival. 4 BDNF binds to the tyrosine kinase receptor TrkB, which activates at least three signal transduction pathways: (i) the Ras/mitogen-activated protein (MAP) kinase (Ras/MAPK) pathway; (ii) the PI3-Kinase/Akt pathway; and (iii) the PLCg pathway. 5 Activation of these pathways allows BDNF to regulate transcription 6 and ultimately accounts for its role in neuronal differentiation and survival. 2 The coordinated action of extracellular signals that lead to brain development and maintenance requires a tight spatial and temporal control, which is partly achieved by negativefeedback loops, involving the clearance of the receptor, the phosphorylation state of proteins, or the expression of counteracting factors. 7 Over the past few years, members of the Sprouty (Spry) family of proteins have emerged as critical modulators of growth factor signaling (for recent reviews, see Mason et al. 8 and Kim and Bar-Sagi 9 ). The mouse and human genome each contain four spry genes encoding proteins of 32-34 kDa. Spry proteins are generally negative regulators of receptor tyrosine kinase (RTK) signaling. The activity of Spry is regulated at the transcriptional level, with growth factors inducing Spry expression, and post-translational level as growth factors can lead to phosphorylation of Spry on critical tyrosine residues. 8, 9 Genetic studies confirmed that spry genes are part of a negative-feedback loop to limit the effects of specific growth factors such as fibroblast growth factor (FGF) and glial cell-derived neurotrophic factor (GDNF). Mammalian spry genes are expressed in highly restricted patterns in the embryo during development and in many adult tissues. They were shown to play important roles in the development of various organs, including lung, 10 kidney, 11, 12 tooth 13 and testis. 14 At the cellular level, overexpression of Spry proteins antagonizes proliferation, migration and differentiation in response to serum or growth factors in various cell lines. 8, 9 So far, the contribution of spry genes to neuronal differentiation or survival has not been explored in mammals, although they exhibit a strikingly localized expression pattern in the developing brain. 15, 16 In view of the essential function of growth factors and neurotrophins in neuronal differentiation and survival through their activation of RTK signaling, we investigated the possible role of Spry2, a prototypical member of the Spry family, in neurons of the CNS.
Results
Spry2 is expressed in cerebellar granule neurons in vivo and ex vivo. Primary cultures of mouse cerebellar granule neurons (CGN) are well suited to study neuronal differentiation and survival ex vivo, as they provide a homogeneous culture of neurons. 17 To check whether this model would be appropriate to investigate the potential role and regulation of Spry2 in neural cells, we first examined spry2 expression in the brain of 5 days old mice by in situ hybridization (ISH). spry2 expression was detected in multiple areas of the brain: the cerebellum, the cortex, the hippocampus and the olfactory bulb ( Figure 1a ). Higher magnification observations revealed spry2 staining in the CA1, CA2 and CA3 (hippocampus, Figure 1b) and EGL (external granule cell layer, cerebellum, Figure 1c , Supplementary data S3). No signal was detected with a control probe (data not shown).
Next, we checked Spry2 expression in a primary culture of mouse CGN. Neuron progenitors dissected from 7 days old mice were plated in a medium containing Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% horse serum and 25 mM KCl. At day 0, plated neurons were round cells without neurites (Figure 1e ). From day 1 through day 4, these immature cells differentiated and grew neurites to form an active and complex neuronal network (Figure 1f-h) . 17 The neuronal differentiation status was confirmed by the progressive increase of neuronal markers expression, such as MAP2, amyloid b precursor protein (APP), NeuroD and beta-2 adrenergic receptor (Figure 1d and data not shown). [18] [19] [20] At day 1, weak Spry2 expression was detected by Western blot (Figure 1d ). This expression was stronger at day 2 and was further increased at days 3 and 4. Immunocytofluorescence performed with anti-Spry2 and anti-MAP2 antibodies at day 4 confirmed the co-expression of Spry2 and the neuronal marker MAP2 in the same cells that is, neurons (Figure 1i , j).
BDNF and serum regulate spry2 expression in cerebellar granule neurons. BDNF and other neurotrophins or growth factors (like FGF) have been implicated in the differentiation of cultured CGN through regulation of the Ras/MAPK pathway. 2, 21 As spry expression is regulated by growth factors and is involved in a negative-feedback loop in various contexts, 22, 23 we investigated whether BDNF regulated Spry2 levels in neurons. Expression of Spry2 was clearly detected by Western blot in neurons cultured in presence of serum. Culture of the neurons with BDNF further increased Spry2 expression (Figure 2a, upper panel) . In the absence of serum, Spry2 protein levels were significantly lower, but could still be augmented by addition of BDNF to the culture medium ( Figure 2a, medium panel) .
Several studies have shown that the regulation of Spry2 protein levels by growth factor involved the proteasome. 8, 24 Therefore, we tested the effect of a proteasome inhibitor on the disappearance of Spry2. Proteasome inhibitor or even a caspase inhibitor did not restore the protein levels of Spry2 (Figure 2b ). On the other hand, reverse transcriptionquantitative polymerase chain reaction (RT-qPCR) showed that messenger RNA (mRNA) levels for spry2 were increased by the presence of serum and BDNF (Figure 2c ). In the absence of serum, spry2 mRNA levels were reduced, whereas BDNF augmented spry2 mRNA levels. BDNF also augmented spry2 levels in the presence of serum. To corroborate these results, we tested the effects of serum and BDNF on the activity of the spry2 promoter. 25 In accordance with the RNA data, removal of serum strongly attenuated spry2 promoter activity, whereas BDNF clearly (Figure 2d ). The transcriptional activity of the spry2 promoter was also stimulated by overexpression of intracellular relays activated by BDNF such as Ras, Erk1 MAPK, or Akt (Figure 2d ). These results show that expression of spry2 in developing neurons is regulated at the transcriptional level by serum and BDNF.
BDNF regulates spry2 promoter activity through CREB and SP1 transcription factors. To understand how BDNF regulated the spry2 promoter, we compared a series of truncated promoters (Figure 3a) . BDNF-induction remained important with the À336 promoter fragment (Figure 3b ). This induction was significantly reduced with the À88 promoter fragment, but still detectable. Potential binding sites for transcription factors (AP2, ETS, NF-1, CREB, SP1) have been described in the spry2 promoter. 25 Interestingly, SP1 and CREB are transcription factors regulated by the MAPK pathway. 26, 27 Overexpression of either CREB or SP1 with the À336 promoter fragment stimulated its activity, and overexpression of both factors led to a synergistic induction (Figure 3c ). We blocked the activity of CREB and SP1 by using respectively, ICER, a dominant negative form of CREB, and mithramycin A, a drug that inhibits the activity of the transcription factors of the SP1 family. 28, 29 Separately, ICER and mithramycin reduced by approximately 50% the induction of the spry2 promoter by BDNF, whereas Figure 3d ). These results suggest that BDNF stimulates spry2 expression by regulating its promoter through cooperation between CREB and SP1.
Spry2 antagonizes BDNF-induced signaling pathways in neurons. BDNF regulates gene expression in CGN and we previously showed that it leads to an increase in the activity of a serum-responsive element (SRE) in the c-fos promoter. 6 Therefore, we determined whether Spry2 could inhibit BDNFinduced signaling by using a SRE-luciferase reporter gene (SRE-Luc). As previously observed, BDNF treatment stimulated the expression of the SRE-driven reporter gene ( Figure 4 ). Importantly, overexpression of Spry2 strongly reduced this stimulation of the SRE reporter gene. A control reporter gene cytomegalovirus-Luc (CMV-Luc) was not affected by BDNF treatment or Spry2 expression. These data demonstrate that Spry2 can inhibit the transcriptional effects of BDNF and suggest that Spry2 can regulate the signaling pathways controlled by BDNF. The functional relationship between BDNF and Spry2 is also supported by the fact that BDNF treatment modifies the subcellular localization of a Spry2-YFP (Spry2-yellow fluorescent protein) fusion protein (Supplementary data S1).
Overexpression of Spry2 inhibits neuritogenesis.
Having demonstrated that Spry2 expression can regulate (Figure 5d ). Conversely, Spry2 increased the number of neurons with no extension. To further establish this inhibitory effect of Spry2 in maturating neurons, we examined the consequences of Spry2 expression on the transcriptional activity of the neurofilament light chain (NFLC) promoter and of the SREcontaining promoter, using luc reporter genes (NFLC-Luc and SRE-Luc, respectively). NFLC is involved in neurite outgrowth and function, and its expression correlates with morphological differentiation of neural cells. 30 Transfection of increasing doses of a Spry2-expression plasmid led to a dose-dependant inhibition of both NFLC-Luc and SRE-Luc, but not of the control CMV-Luc (Figure 5e ). Together, these results show that high levels of Spry2 have an inhibitory effect on neurite growth. Inactivation of Spry2 function favors neuritogenesis. To show the involvement of endogenous Spry2 in neurite growth, we silenced its expression using RNA interference. We first verified the efficiency of the small interfering RNA (siRNA) duplex in Neuro-2a (N2A) cells co-transfected with siRNA duplexes and FLAG-tagged Spry2 expression vector. Transfection with two different control siRNAs or an siRNA specific of Spry1 did not significantly decrease the expression of exogenous or endogenous Spry2 (Figure 6a ). In contrast, the Spry2 siRNA clearly reduced the amount of both exogenous and endogenous Spry2 proteins. The Spry2 siRNA also significantly reduced Spry2 expression in CGN (Figure 6b ). To follow the morphological changes induced by Spry2 silencing in CGN, we co-transfected the siRNA duplex along with a GFP expression vector with an estimated ratio of 4 to 1 in favor of the siRNA. After co-transfection, we examined CGN under a fluorescence microscope to assess the number and shape of the neurites. We distinguished three types of neurons: (i) neurons without extension; (ii) neurons with one or two well-developed neurites ( Figure 7a) ; and (iii) neurons with three or more highly ramified neurites (Figure 7b ). Downregulation of Spry2 expression led to an increase in the number of neurons with extensions ( Figure 7c ). In particular, the number of neurons with three or more neurites was significantly more common (Figure 7d ). To confirm these observations, we took advantage of Spry2 Y55A, a dominant negative mutant of Spry2. 24 Overexpression of Spry2 Y55A also led to a clear increase in the number of differentiated neurons (Figure 7c) , especially the ones with at least three extensions (Figure 7d) . Interestingly, Spry2 siRNA, as well as the Spry2 Y55A variant, increased the activity of both NFLCLuc and SRE-Luc, but not of the control CMV-Luc reporter gene upon co-transfection (Figure 7e) . Taken together, our data show that the level of expression of Spry2 in immature neurons affects signaling and gene expression involved in the control of neuritogenesis.
Neurotoxic stresses downregulate Spry2 expression. Serum and BDNF have also been involved in the survival of fully differentiated neurons. 31 Therefore, we hypothesized that Spry2 might contribute to neuronal survival through the regulation of the Ras/Erk MAPK pathway or alternate pathways induced by BDNF or serum in mature neurons. We fist examined whether BDNF regulated the expression of Spry2 in differentiated CGN at day 5 of the culture, when neurons are grown in DMEM without serum. As observed in immature neurons, BDNF or serum increased Spry2 protein levels (Figure 8a ). Neuronal apoptosis has been extensively studied in CGN, 17 which are healthy in a medium containing 25 mM potassium (HK, high potassium) and die by apoptosis when this concentration is decreased to 5 mM (LK, low potassium). Interestingly, we observed a drastic decrease in Spry2 protein level in this apoptotic condition (LK, Figure 8a ). Spry2 protein levels were partially restored by BDNF treatment (Figure 8a ).
To extend this observation, we used primary cultures of cortical neurons and submitted them to two neurotoxic treatments: (i) an antibody directed against the extracellular fragment of the APP, which induces the APP-signaling pathway and neuronal cell death; 32 (ii) L-homo-cystein (LHC). 33 In these neurotoxic conditions, the protein levels of Spry2 were significantly decreased (Figure 8b) . Analysis of the mRNA levels by RT-qPCR showed that all the stresses that induced neuronal cell death led also to a marked decrease of spry2 mRNA (Figure 8c) . Thus, neurotoxic stresses appear to lead to a reduction of spry2 expression in mature neurons.
Spry2 contributes to neuronal apoptosis. As expression of Spry2 is downregulated during neuronal cell death, we investigated whether Spry2 was involved in neuronal survival. We modified Spry2 activity in mature neurons by overexpressing wild-type or Y55A dominant-negative mutant Spry2, or by silencing its expression with Spry2 siRNA. Cells were also co-transfected with the GFP expression vector and nuclei were stained with Hoechst 3233. GFP-positive neurons were identified by fluorescence microscopy ( Figure 9a ) and the shape of their nuclei was examined. Condensed or fragmented nuclei were counted as apoptotic nuclei (Figure 9b ). In the control condition, between 5 and 15% of neurons underwent apoptosis (Figure 9c) . Overexpression of wild-type Spry2 increased more than twofold the number of apoptotic neurons. Inversely, inhibition 
Discussion
Neuronal differentiation and survival are involved in the development and the proper activity of the CNS. Neurotrophins play key roles in the regulation of these processes by binding to RTK and activating signaling cascades such as the Ras/Erk MAPK. Here, we investigated for the first time the regulation and the function of Spry2, the prototypical member of a new family of RTK signaling modulators, in primary cultures of neurons from the CNS. We found that the expression of Spry2 is progressively increased during in vitro differentiation of CGN, is positively regulated by the neurotrophin BDNF and negatively regulated by various neurotoxic stresses. We also demonstrated that Spry2 expression affects the neuronal physiology by establishing an inhibitoryfeedback loop of BDNF activity, reducing neuritogenesis and survival.
Spry2 belongs to a negative-feedback loop that controls BNDF activity in neurons. In the mouse embryo, Spry2, as well as Spry1 but not Spry4, are expressed in a transverse domain that encompasses the prospective caudal midbrain, isthmus and cerebellum around embryonic days (E) 9.5-10.5. 15 We found that Spry2, as well as Spry1 (data not shown), were also expressed in the brain of 5 days old mice, especially in the cerebellum (Figure 1c) , the hippocampus (Figure 1b ) and the cortex (Figure 1a) . In primary cultures, (Figure 1i, j) . Remarkably, Spry2 expression was increased in parallel to neuronal differentiation of CGN (Figures 1d, 10 ). In cancer cell lines, the amount of Spry is regulated by serum or growth factors such as FGF. 22 In this study, we found that the neurotrophin BDNF stimulated Spry2 expression in neurons (Figures 2a, 10 ). Positive regulation of Spry2 by BDNF treatment or during neuronal differentiation may appear intriguing, as we also showed that Spry2 antagonizes BDNF-induced signaling (Figures 4, 10 ) and neuronal differentiation (Figures 5, 10) . However, by regulating the level of their own antagonist in a negative-feedback loop, growth factors or neurotrophins become able to limit precisely the strength, duration and range of signaling, which is critical for the induction of the correct physiological outcome.
Further investigation of the mechanism involved revealed that transcriptional activity of the spry2 promoter was increased by BDNF (Figure 2c, d) . A direct stimulation of two pathways induced by BDNF, the Erk1 MAPK and the Akt pathway, also activated the spry2 promoter (Figure 2d) . Similarly, Osaki reported that growth factor-induced activation of spry1 transcription was dependent on the Erk1/2 pathway. 23 Finally, we identified CREB and SP1 as two transcription factors that cooperate to regulate spry2 promoter activity in neurons in response to BDNF (Figures 3, 10) .
Spry participates to the control of neurite growth. Spry proteins have been implicated in many developmental processes, but so far only a few studies examined the role of Spry2 in neural cells. Loss of spry2 in mice resulted in enteric nerve hyperplasia due to excessive GDNF signaling. 34 In the chick embryo, Spry2 expression in the isthmus was shown to contribute to the regionalization of the presumptive mesencephalon and metencephalon, the latter giving rise to the future cerebellum. 35 The data obtained in this study suggest that Spry2 also participates to the control of neurite growth.
Depending on the type of neurons (granules, pyramidal, motoneurons and so on), neurites will vary in their length, number, ramification and number of spikes. The extracellular signals and their intracellular relays that control such orchestrated complexity are still largely enigmatic. Growth factors and neurotrophins participate to these events. 1 The Ras/Erk MAPK pathway and other pathways controlled by Cdc42 and Rac GTPases also modulate neurite growth. 36 However, how these signals work together in a given cell to determine when and where the neurite, or a ramification, has to grow, and then, when and where, it has to stop, is not yet well understood. Here, we propose that Spry2 expression is involved in the control of neuritic growth (Figure 10 ). First, Spry2 expression increases progressively until neurons are differentiated, correlating with neurite growth (Figure 1d) . Second, modulation of Spry2 expression interferes with neurite growth: overexpression of Spry2 inhibits neurite growth ( Figure 5 ), whereas inhibition of Spry2 activity by RNA interference or expression of a dominant-negative mutant favors neuritogenesis (Figure 7 ). These effects were also observed on the neurite growth induced by Rac or Cdc42 (Supplementary data S2) . These results are in agreement with a previous study where ectopic expression of Spry proteins in pheochromocytoma PC12 cells blocked neurite growth and branching induced by NGF or bFGF. 22 In the embryonic kidney or the lung, Spry proteins play key roles during branching morphogenesis processes. 12 Likewise, expression of Spry in a feedback loop may allow the right dose of signaling required for appropriate neurite growth and branching.
The exact molecular mechanism of Spry2 activity has not yet been clarified. Depending on the cell type and/or the growth factor studied, Spry proteins were shown to interfere with the Ras/Erk MAPK signaling pathway at the level of Ras or Raf. 8, 9, 22 Spry2 seems to localize at the membrane and in the neurites (Supplementary data S1), which is consistent with an inhibition of early steps of signaling, at the level of small GTPases or Raf.
Role of Spry2 in neuronal survival. In differentiated neurons, we showed that overexpression of Spry2 favored neuronal apoptosis, whereas its downregulation had a neuroprotective effect, even under neurotoxic stresses (Figures 9, 10 ). This observation is consistent with the increase in the number of neurons caused by the loss of spry in Drosophila. 37 In contrast, in immature CGN, Spry2 expression controls neuritogenesis and seems to have little effect on neuronal survival (Figures 5, 7) . Reciprocally, we did not detect any significant differences in the neurite Figure 10 Involvement of Spry2 in neuronal survival and differentiation. Expression of Spry2 is regulated by BDNF in CGN during the terminal differentiation and when the neuron is differentiated. Spry2 inhibits BDNF-induced transduction mechanisms and participates to the control of neurite growth and neuronal survival. Therefore Spry2 is involved in a negative-feedback loop initiated by BDNF and that control BDNF effect on neurite growth and neuronal survival Spry2 controls neuritogenesis and survival I Gross et al network, when Spry2 was modified in mature neurons (data not shown). The causes of the differences observed between immature and mature neurons are not cleat yet. The fact that Spry2 antagonizes neuronal survival, whereas being increased during neuronal differentiation is surprising. Note that Spry proteins have yet not been linked directly to any effectors of apoptosis. The apoptosis observed here might rather be due to the inhibition of a pathway promoting neuronal survival such as the PI3-K/Akt pathway. 38 Therefore, it is possible that the amount of Spry2 present in the neurons allows fine-tuning of the transduction pathways controlling neuronal survival. Indeed, the sustained expression of Spry2 in mature neurons might be critical to allow the equilibrium between death and survival. This equilibrium permits the correct development of a neuronal network in which only the appropriately connected neurons survive. Inhibition of Spry2 by siRNA or use of a dominant-negative mutant may shift the equilibrium towards survival by increasing the activity of pro-survival pathways, whereas production of high amounts of Spry2 by transient transfection would shift the equilibrium towards death.
In this context, the loss of Spry expression induced by neurotoxic stress is also surprising given that Spry2 overexpression favors apoptosis (Figures 9, 10) . Certainly, the loss of Spry2 is not the mechanism that mediates neuronal cell death induced by the neurotoxic stresses. On the contrary, the loss of the negative-feedback loop of the neurotrophic signals by a yet unknown mechanism might represent a compensatory process that would enhance the ability of the neuron to survive.
Materials and Methods
Cell culture. Primary cultures of CGN were obtained from 7 days old mice as described previously. 6 Cortical neurons were dissected from E16 murine embryos. Briefly, after enzymatic and mechanical dissociation, cells were plated at a density of 500 cells/mm 2 on 0.1 mg/ml polyornithine-pre-coated culture dishes and were grown at 371C in a humidified atmosphere (5% CO 2 /95% air). For CGN, plating culture medium contained DMEM (Life Technology) supplemented with 10% heatinactivated horse serum (Life Technology), 100 nM insulin (Life Technology), 50 mg/ml gentamycin (Life Technology) and 25 mM KCl. At 48 h after plating, cells were switched to defined medium (called HK medium) containing DMEM supplemented with 10 nM insulin, 100 mg/ml human transferrin, 60 mM putrescine, 30 
Neurons were considered as immature up to 2 days after plating and as mature 5 days after plating. Murine N2A cells were obtained from ATCC and maintained in DMEM supplemented with 10% fetal bovine serum and antibiotics.
Vectors, siRNA and reagents. Mammalian expression vectors for Flagtagged Spry2 (wild type or Y55A) were described previously. 22, 24 The YFP-Spry2 and GFP-Spry2 vectors were constructed by fusion of the GFP or YFP moieties to the N terminus of the open reading frame. The SRE-Luc reporter plasmid was a gift from Dr. R. Prywes (Columbia University, NY, USA) and contains five repeats of the SRE upstream of a c-fos minimal promoter and the Luc reporter gene. The NFLCLuc reporter plasmid contains the promoter fragment of the NFLC (À650; þ 82) fused to the Luc reporter gene and was from Dr. L.E. Heasley (University of Colorado Health Sciences Center, CO, USA). 39 CMV-Luc contains a minimal CMV promoter upstream the luc reporter gene. Mammalian expression vectors for Rac1 and Cdc42 were from Dr. L. Van Aelst (Cold Spring Harbor Laboratory, NY, USA). The spry2 promoter constructs 25 were from Dr. D. Warburton (Childrens Hospital Los Angeles Research Institute, CA, USA): full-length À3850 luc (À3850; þ 221); À336 luc (À336; þ 221); À88 luc (À88; þ 221). The CREB expression vector was previously described. 6 Stealth siRNA annealed duplexes were obtained from Invitrogen and targeted the following 5 0 to 3 0 DNA sequences: si Spry2, GCCATCCGAAACACCAATGAG TACA; si Spry1, GCAGGAAAGGACTCATGAAATCATA; si Ct1, sequence control GC 50% (Invitrogen); si Ct2, GCAGAGCATGTGACCGACATTGTTA.
BDNF, LHC and Mithramycin were purchased from Sigma.
Transfections. Immature neurons were dissected and allowed to attach to culture plates for 4 h before transfection. Mature neurons were cultured for 4-5 days before transfection. Gene transfer was performed using polyethyleneimine (PEI) as a DNA carrier. 6 Neurons were transfected with 0.33 ml PEI/mg of DNA and centrifuged for 5 min at 1500 r.p.m. (400 g). After 30 min, neurons were transferred to fresh medium and assays were performed 20-48 h later. For GFP cotransfection, 0.2 mg of GFP-encoding vector was added to the other vectors. For luc assays, cells were lysed 24 h after transfection using the luc assay lysis reagent (Promega) and cell extracts were mixed with D-luciferin (Sigma). Luc activity was measured by a luminometer (Berthold systems). For siRNA transfection, Lipofectamine 2000 (Invitrogen) was used as recommended, but the culture plate was centrifuged for 5 min at 1500 r.p.m. after addition of the transfection mix.
Immunocytochemistry, Hoechst staining and fluorescence microscopy. Cells were fixed with 4% paraformaldehyde (PAF) in phosphate-buffered saline (PBS) for 30 min at room temperature. Cells were then permebilized and saturated with PBS containing 1% NP40 and 3% horse serum. Primary antibodies (Spry2 and MAP2) were added in the same solution at a concentration of 1/500 for 24 h. After three PBS washes, Alexa secondary antibodies (Molecular Probes; 1/2000) were added for 2 h. Cells were then washed three times and incubated for 30 min with the nuclear Hoechst 3343 dye (Sigma 1 mg/ml). Fixed cells were viewed (Hoechst staining, 420 nm; GFP fluorescence, Spry2 staining, 510 nm; MAP2 staining, 575 nm) on a Nikon microscope (E800) equipped with a Nikon digital camera (DXM1200) linked to image acquisition software (Lucia, Nikon). Confocal microscopy was performed on a Nikon microscope (Diaphot 300) equipped by a Bio-Rad confocal system (MRC1024).
Immunoblot. Cells cultured in six-well plates were lysed in 120 ml of Laemmli's buffer (125 mM Tris/HCl (pH 6.7), containing 3.3% sodium dodecyl sulfate (SDS), 0.7 M 2-mercaptoethanol, 10% glycerol and 0.02% Bromophenol Blue). Extracts were sonicated for 20 s and boiled for 5 min before centrifugation at 20 000 Â g for 5 min. Proteins (B60 mg) were separated on 10% SDS-polyacrylamide gel electrophoresis, electrotransferred to nitrocellulose membranes which were blocked with fat-free milk (5% in PBS) and incubated with the various primary antibodies (mouse anti-Actin 1/200, gift from Dr. Aunis, INSERM U.575, France; rabbit anti-Spry2 1/2000; mouse anti-MAP2 clone MTÀ01 1/1000, Santa Cruz; mouse anti-APP Mab348 1/1000, Chemicon) and a relevant secondary horseradishperoxidase-conjugated antibody (Sigma, 1/2000). Finally, membranes were developed by enhanced chemiluminescence detection.
Quantitative RT-PCR. Cells were grown on 10 cm dishes. After treatments, they were harvested and total RNA was extracted with the Qiagen RNeasy kit. Reverse transcription was performed with 1 mg RNA using iScript cDNA Synthesis kit (Bio-Rad). Real-time-qPCR was performed with an iCycler (Bio-Rad) using SYBR Green dye (iQ SYBR green Supermix, Bio-Rad). For each gene, a standard curve based on successive cDNA dilutions was performed and used to calculate starting quantities of the subsequent cDNA. To ensure a thorough calculation, starting quantities of cDNAs of interest were compared to those of a house-keeping gene (18s) in the same plate. After each qPCR, specificity of the amplification was controlled by a melting curve ranging from 55-951C, whereby a single peak corresponding to the amplicon was present.
All primers were designed in regions flanking introns to exclude data alteration by possible DNA contamination. Spry2 forward primer: 5 0 -GGC TTT CAG AAC TAT GAG CCA AAT-3 0 ; spry2 reverse primer: 5 0 -ATT TGG CTC ATA GTT CTG AAA GCC-3 0 ; 18s forward primer: 5 0 -CGT CTG CCC TAT CAA CTT TCG-3 0 ; 18s reverse primer: 5 0 -TTC CTT GGA TGT GGT AGC CG-3 0 .
RNA in situ hybridization. Brains of 5 days old mouse pups were dissected and fixed in PAF 4% overnight at 41C. After incubation in 30% Sucrose overnight at 41C, brains were embedded and kept at À801C until sectioning. RNA ISH was carried out on 12 mm cryostat sections as described previously. 40 Briefly digoxigenin (dig)-labeled RNA probes were generated using T3 or T7 RNA polymerases and a Spry2 controls neuritogenesis and survival I Gross et al dig-RNA-labelling mix (Roche). Probes were hybridized to the slides overnight at 651C in a buffer composed of 50% formamide, 200 mM sodium, chloride, 20 mM sodium acetate, 10% dextran sulfate and 1 mg/ml tRNA, then washed twice at 651C in 50% formamide, 150 mM sodium chloride, 15 mM sodium citrate, 0.1% Tween 20 and washed two times in MABT buffer. Sections were next incubated with an alkaline phosphatase-coupled anti-dig antibody (Roche), washed 5 times in MABT buffer. Specific sense and antisense dig probes were obtained from Spry plasmids as described previously.
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